Reviewer #1 (Remarks to the Author):
C. Quality of data looks excellent for X-ray absorption work. It would be useful if the authors could provide higher magnification images of the STEM images in Figure 1 , particularly for the atomic gold samples.
D. Statistical treatment of X-ray absorption work is very good, and uncertainties are reported.
E. The conclusions of the paper are well validated from experimental results.
F. Suggested improvements:
1. Improve magnification of STEM images (see point C). 2. Improve grammar throughout -currently the grammar in the paper is quite poor and detracts from the manuscript substantially.
G. References are appropriate, and I think previous X-ray absorption work on such systems is fairly well cited.
H. Clarity needs work -as mentioned in section F, the grammar in the manuscript submitted is quite weak, and could be improved significantly. This would greatly improve the readability of the paper.
Reviewer #3 (Remarks to the Author):
Gold nanocatalyst is famous for its extraordinarily high activity for low temperature CO oxidation. However, the nature of active sites has long been disputed, for example, cationic or metallic, single atoms or clusters or nanoparticles. The present work by Prof Jia and co-workers appears to reveal the tip of the iceberg. They prepared gold single atoms, clusters (<2 nm), and nanoparticles (3-4 nm) on a ceria nanorod support, and compared their activities for RT CO oxidation meanwhile detected the local structure change and oxidation state change of different gold species during the reaction. Based on these in-situ characterization results, they conclude that gold metallic nanoparticles are much more active than cationic gold single atoms for RT CO oxidation. I enjoyed the application of the in situ XAFS and dynamic adsorption-desorption IR techniques, which provide reliable evidence to support the conclusion. Nevertheless, the catalysis by gold is critically correlated with the support nature, which is not addressed in the work. 1. The authors claim that the three catalysts have the same support. However, the difference in preparation history of the catalysts may cause the change of the support surface properties. For example, single atom catalyst was calcined at 400 oC while the cluster catalyst was further reduced at 300 oC. The reduction treatment will bring about the change of surface lattice oxygen of CeO2 support in addition to the aggregation of gold single atoms. CO titration in combination of XPS may help to address this concern. 2. The HAADF-STEM images seem to show that the ceria nanorods have a large number of voids, which means that it has defect-rich surface. Do these defects affect the catalysis by gold? 3. It is difficult to understand the models in Fig. 3c . Where do the oxygen atoms come from? The authors show two Au-O shells in single-atom catalyst but they claim that no any Au-Ce distance from Au-O-Ce structure. Does this mean gold single atoms do not coordinate with ceria via oxygen atoms? If it is true, how is it stabilized by the support? 4. In gold single-atom catalyst, 1.2 wt% Au loading is relatively high for atomically dispersion. I guess the ceria nanorod support has many defects that can stabilize single atoms of gold, is it right?
Reviewer #1:
Comment 1: The work submitted for publication in Nature Communications reports the synthesis and detailed characterization of three Au/CeO 2 samples containing atoms, small clusters and larger nanoparticles, and their catalytic testing in the CO oxidation reaction. As the authors explain, it is really difficult to prepare Au/CeO 2 materials with only one type of gold species. And similarly difficult to unambiguously characterize these materials. In this sense, the combination of HAADF-STEM and EXAFS-XANES techniques used in this work seems to provide characterization of the gold species present in each catalyst, and confirms the correct preparation of samples containing very homogeneous distribution of gold species.
Then, the catalytic activity of the three samples in the oxidation of CO has been tested, and it has been found that isolated atoms are not active, and that the largest particles containing metallic gold show the highest activity. With the assistance of in situ DRIFTS spectroscopy, the higher activity of Au particles has been related to a better adsorption of CO at these metallic sites. This analysis of data is perhaps too simple, and does not include the issue of where activation of O 2 occurs. There are many mechanistic studies about the CO oxidation reaction catalyzed by gold showing that the activation of molecular oxygen preferentially occurs at the metal-support interface, involving or generating in the process partially cationic Au sites. But this does not mean that cationic gold is the catalytically active species. In fact, it has also been shown that isolated cationic gold atoms (like those present in the Au_atom sample described here) are not able to activate molecular O 2 for oxidation reactions. In my opinion, the discussion about the origin of the higher reactivity of the larger particles (3-4 nm) as compared to clusters (1-2 nm) and atoms should consider the activation of molecular oxygen, and the importance of each step (O 2 activation, CO adsorption, CO 2 formation) in the mechanism, in order to provide a more relevant chemical insight into the process. In conclusion, I recommend the authors to also consider the activation of molecular oxygen and the oxidation step, to provide a clear vision of the active sites involved. As it is, I consider the manuscript limited and not suitable for publication in Nat. Comm. 8 However, the exact mechanism on the molecular oxygen activation in heterogeneous catalysis is still unclear, much work is to be done. Besides the activation of molecular oxygen, the adsorption of the carbon monoxide is also crucial to the reactivity in CO oxidation; 9 therefore we must consider these two factors together.
Response
Based on the reviewer's suggestion, in our supplementary work, we have carried out some related investigations on the molecular oxygen activation over different gold catalysts.
Firstly, the CO titration test was used to investigate the initial surface reaction of all gold catalysts and detect the possible active oxygen species in the surface of the Au/CeO 2 catalyst.
As shown in Figure S12 In-situ infrared spectroscopy has been deeply utilized in detecting surficial absorbance of CO molecule. Herein, the CO adsorption tests were conducted and the results are shown in Figure L2 . We found that for Au_atom catalyst, the signal of adsorbed CO (CO-Au) was covered by that of the gaseous CO (2170 and 2119 cm -1 ) and hardly detectable. Conversely, the adsorption of CO in Au_cluster and Au_particle were evidently banded at 2115 cm
which is assigned to CO-Au 0 species. Here, a slight red shift (9 cm -1 ) occurred for the adsorbed CO in Au_cluster comparing with the pulse measurement and operando test shown in Figure 5 and Figure S11 , which is owing to the presence of additional oxygen in pulse or operando test that makes the gold species more positive. It is clearly observed from the CO absorbance that the CO adsorbed abilities of various gold species were especially distinct with the following order: CO-Au_particle > CO-Au_cluster  CO-Au_atom, which is well consistent with the CO oxidation reactivity of these catalysts at room temperature. It is noticed that in the region of 2300-2400 cm catalysts, which is consistent with some previous reports of Au/CeO 2 catalysts. 8, 13 Additionally, the in-situ XRD results in our work ( Figure S2 ) have shown no detectable distinction for all the supported gold catalysts, indicating that during the room temperature CO oxidation process, the reducible matrix were stable for all, which is also confirmed by the XPS results on the status of Ce species in Figure S3 ( Figure L4 here). Therefore, we think there is very little difference on the molecular oxygen activation in this supported Au/CeO 2 (rod) system, which might be owing to the very low loading Au species and the stable structure of the same support materials (CeO 2 rods). A. This manuscript details the study of different gold samples (ionic salts, clusters and nanoparticles) on ceria for the oxidation of Carbon monoxide using in situ X-ray absorption spectroscopy and STEM to understand speciation of the Au catalysts. Results show that metallic gold species are present in samples having high catalytic activity. DRIFTS spectroscopy was also used to probe the nature of the Au species for each of the samples.
B. This is an interesting paper that has, for the most part, well validated conclusions from experimental work. The X-ray absorption work is very well done. As the authors note in the manuscript well, there have been a good number of other attempts to understand Au oxidation catalysts via X-ray absorption spectroscopy, and it is fair to say that those results have been all over the map in terms of identifying the catalytically active species. This is, in part, due to the difficult in making samples that have distinctive single phases, but is also likely due both to X-ray beam damage of samples during acquisition and the fact that X-ray absorption spectroscopy is a bulk technique that is not well suited for identifying minor species. Nevertheless, I think the authors have done well to make three distinctive samples, and have commented on how they avoided beam damage in the samples, thus I think there is novelty in the final conclusions of this work, and it should be acceptable for publication in Nature Communications pending minor revisions.
1. Improve magnification of STEM images (see point C).
2. Improve grammar throughout -currently the grammar in the paper is quite poor and detracts from the manuscript substantially.
Response: We highly appreciate the reviewer. In the revised manuscript, we have improved the magnification of STEM images for Au_atom and Au_cluster in Figure 1 . Meanwhile, we have carefully corrected the grammar mistakes and enhanced the writing of this paper.
Gold nanocatalyst is famous for its extraordinarily high activity for low temperature CO oxidation. However, the nature of active sites has long been disputed, for example, cationic or metallic, single atoms or clusters or nanoparticles. The present work by Prof Jia and co-workers appears to reveal the tip of the iceberg. They prepared gold single atoms, clusters (<2 nm), and nanoparticles (3-4 nm) on a ceria nanorod support, and compared their activities for RT CO oxidation meanwhile detected the local structure change and oxidation state change of different gold species during the reaction. Based on these in-situ characterization results, they conclude that gold metallic nanoparticles are much more active than cationic gold single atoms for RT CO oxidation. I enjoyed the application of the in situ XAFS and dynamic adsorption-desorption IR techniques, which provide reliable evidence to support the conclusion. Nevertheless, the catalysis by gold is critically correlated with the support nature, which is not addressed in the work. Meanwhile, the corresponding XPS spectra before and after the CO oxidation reaction confirmed the almost identic profiles for Ce 3d, indicating the similar ratios of Ce 3+ /Ce 4+ for ceria nanorods between the investigated samples ( Figure S3 or Figure L4 here). Therefore, the surface of ceria support in this work has the same structure, in spite of the different post-treatment conditions (400 C, air; 300 C, 5%H 2 /He) during the gold deposition process.
On the other hand, according to the CO titration data ( Figure S12 or Figure L1 here), we found that Au_atom and pure ceria support have zero CO 2 formation at room temperature, due to the weak adsorption of CO by ionic gold species or the absence of activated oxygen; while Au_cluster and Au_particle have significant amount of CO 2 produced at room temperature, active oxygen species, because of the strong adsorption of CO by metallic gold species and the presence of activated oxygen. Thus, the oxygen species at the interfaces between gold and ceria could be altered after the addition of different gold species of single atoms, clusters or particles. These phenomena were well consistent with the in-situ DRIFTS results ( Figure 5 ).
The corresponding revision is seen the revised text (Page 12, Line 510). 2. The HAADF-STEM images seem to show that the ceria nanorods have a large number of voids, which means that it has defect-rich surface. Do these defects affect the catalysis by gold?
Response: We totally agree with this reviewer. During the various types of ceria supports, the presence of voids is typical for nanorods. This may be caused by the dehydration process during the growth of rod-like CeO 2 nanocrystals, 14 and could generate more surface defects, e.g. oxygen vacancies 15 . It was also reported that such oxygen vacancies are required to stabilize active gold species at the Au-CeO 2 interfaces. 16 Therefore, we believe that the formation of defects is very important to affect the gold catalysis in this work.
3. It is difficult to understand the models in Fig. 3c . Where do the oxygen atoms come from?
The authors show two Au-O shells in single-atom catalyst but they claim that no any Au-Ce 4. In gold single-atom catalyst, 1.2 wt% Au loading is relatively high for atomically dispersion.
I guess the ceria nanorod support has many defects that can stabilize single atoms of gold, is it right?
Response: This is a good point and we agree with this reviewer. It has been reported that the {110} surface of ceria nanorods has the lower formation energy of oxygen vacancy 18 and thus can stabilize more active gold species during synthesis as discussed as above (Question 2).
Recently, Qiao et. al. prepared good single atoms via coprecipitation with ceria (Au 1 /CeO 2 ) up to 0.3 wt.% Au, which exhibited super reactivity for the preferential oxidation of CO. 19 In this work, the further increase of single-atom gold concentration is related to the use of ceria
